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Recent topics regarding CP violation in heavy meson systems are discussed. As an introduction, 
^< the status of the Unitarity Triangle fit and CP violation in B meson mixing are briefly reviewed. 

^>0 Two topics are covered in more detail: 

Penguin pollution in the "golden mode" Bj — > J/yK has gained importance due to the apparent 
*Jm smallness of new physics effects, together with the outstanding precision expected from present 

and future collider experiments. A very recent analysis is presented, which yields a stronger 
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Qh bound for the maximal influence of penguin contributions than previous analyses and shows the 

corresponding uncertainty to be reducible with coming data. 

Direct CP violation in hadronic charm decays received a lot of attention lately, due to a mea- 
surement by the LHCb collaboration yielding an unexpectedly large result. While this value is 
certainly not genetically predicted in the Standard Model, it might be possible to accommodate it 
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QO nevertheless. Therefore a method is discussed to use flavour symmetries to distinguish between 

this possibility and new physics. 
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1. Introduction 

Roughly 40 years after its proposal [1], the Kobayashi-Maskawa mechanism continues to give 
a consistent interpretation of the available data on flavour observables and CP violation. This 
fact is reflected in successful fits to the Unitarity Triangle (UT) [2], where, despite the precision 
data which has become available during the last decade, still no clear sign of physics beyond the 
Standard Model (SM) is seen. However, in the extraction of the CKM angle j8 (00 tensions have 
been present (see e.g. [3]). The main deviation used to be between the extractions using B — > J /yK 
on the one hand and B — > TV on the other. However, this effect got very recently significantly 
reduced by the new Belle result on B — > TV [4], although the resulting world average remains above 
the SM expectation. Other puzzles, like the difference between \ V u i,\ extracted from inclusive and 
exclusive decays or the largish Sk remain, but are less significant. The important lesson from these 
observations is that new physics (NP) effects in the related observables have to be small. This 
fact, together with the bright experimental prospects, renders precision predictions for the involved 
observables particularly important. 

Three of the observables entering the UT fit, namely the mass differences Am^ s and the mixing 
induced CP asymmetry Sj/ vK , are directly connected to B meson mixing. When focusing on the 
possibility of NP in these systems, a dedicated analysis taking into account all available information 
is more appropriate. The NP influence can generally be expressed by two complex quantities for 
each meson pair, parametrizing NP in the mass and rate differences. The latter is usually assumed 
to be SM-like, as NP entering here is strongly constrained by available data from the B factories (for 
articles regarding this possibility see e.g. [5]). This assumption reduces the NP degrees of freedom 
to one complex parameter A q for each system. Two years ago the data seemed to indicate NP in 
B s mixing in such a fit [6], due to an at the time apparent large mixing phase <j> s , in combination 
with evidence for a like-sign dimuon asymmetry (LDCA) larger than the SM value [6, 7]. This 
situation has changed again significantly, mainly due to recent LHCb results for (j) s [8, 9] and the 
width difference AT S [10]. The recently updated analysis [11] shows a tension with the LDCA 
when considering NP in Am q only, and has a best fit preferring SM-like Am s , i.e. A s ~ 1 +0i. 
Instead, that analysis shows some indication of NP in B c / mixing, driven by two effects: firstly 
the LDCA, the measurement of which by the DO collaboration remains large [12]. Secondly, the 
deviation mentioned above. The new B — > TV measurement will therefore affect this analysis as 
well, leaving the LDCA as the only observable with a significant tension to the SM in this context 1 . 
Furthermore, even when interpreting this result as NP, the recent BaBar result on B — > D^TV 
decays [14] would indicate rather a change in the decay amplitude than the mixing one, in contrast 
with one of the assumptions made in this analysis. As a result, large NP effects are ruled out here 
as well, underlining the importance of subleading SM effects which may mimic NP. 

2. Penguin Pollution in the Golden Modes 

The impressive precision obtained for the CKM angle /3 became possible due to the fact that 
in the "golden mode", Bj — > J/\j/Ks, explicit calculation of the relevant matrix elements can be 

'For a very recent proposal to explain this value without invoking NP in mixing, see [13]. 
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avoided once subleading doubly Cabibbo suppressed terms are assumed to vanish [15], in combi- 
nation with a final state with a very clear experimental signature. However, given the discussion 
above on the size of NP effects and the precision the LHC experiments and planned next-generation 
B factories are aiming at for this mode and related ones, a critical reconsideration of the used as- 
sumptions is mandatory. Estimates yield corrections to the famous relation Sj/ vKs = sin<^ of the 
order <^(10~ 3 ), only [16]; it is, however, notoriously difficult to actually calculate the relevant 
matrix elements, and non-perturbative enhancements cannot be excluded. 

To include these subleading contributions, the size of their matrix elements relative to the 
leading one has to be determined. An explicit calculation still does not seem feasible to an ac- 
ceptable precision for the decays in question, which is why typically symmetry relations are used 2 , 
i.e. SU (3), relating up, down and strange quarks, or its subgroup £/-spin, including only down and 
strange quark. These allow for accessing the unknown matrix element ratios via decays where their 
relative influence is larger ("control modes") [18, 19]. This method has the advantage of being a 
completely data-driven method, and the resulting value for the B mixing phase provides improved 
access to NP in mixing once the SM value of this phase is determined independently. 

The main limitations of that approach were firstly the limited data for the control modes, 
as their rate is suppressed by the Wolfenstein parameter X as X 2 ~ 5% compared to the one of 
B — > J/yK, and secondly corrections to the symmetry limit. The first issue was already rendered 
less severe by recent data from CDF and LHCb [20] and will be resolved by LHC in combination 
with the planned Super Flavour Factories (SFF). The second was addressed by a recent paper [21]. 
Here the idea is to include the symmetry-breaking corrections in a model-independent manner on 
a group-theoretical basis (for earlier applications of this method see e.g. [22, 23]). Extending 
furthermore the symmetry group from £/-spin (used in [18]) to full SU (3) then allows to relate a 
sufficient number of B J/yP modes (B <E {B u ,B d ,B s } and P £ K° ,K + ,K° ,K°}) to deter- 
mine the parameters for the SU (3) breaking as well as the penguin pollution from the fit, using 
mild assumptions which are mostly testable with data [21]. 

Applying this method to presently available data for these decays [20, 24] shows clearly the 
importance of SU (3) -breaking effects. Even when allowing for huge values of the penguin pa- 
rameters, the fit in the SU (3) limit yields ^ in /d.o.f. = 22.3(23.9)/5, where the first number corre- 
sponds to using the former world average for the rate of B J jyii~ ("dataset 1"), and the second 
to the new LHCb result ("dataset 2"), which yields a value about 3 standard deviations away from 
the former. This is why they are compared explicitly instead of averaging the results. Importantly, 
correlations to the measured branching ratios drive the shift AS = —S(B — > J / yKs) + sin0^ to rel- 
atively large values in this case, in the opposite direction of the tension observed in the UT fit. It is 
furthermore interesting to note that the inclusion of neglected contributions does not improve the 
fit, confirming our choice to set them to zero. The same is true for factorizable SU (3)-breaking 
corrections, which were included in the fit for comparison purposes, only. 

In a next step, SU (3) -breaking contributions are included in the fit, while neglecting penguin 
pollution. This fit works rather well, yielding x^ m = 9.4(6.0) for 7 effective degrees of freedom 3 . 
The best fit point yields a ratio of the larger SU (3) -breaking matrix element with the leading one 

2 For an approach using theory input to extract the B s mixing phase, see [17]. 

3 Effective degrees of freedom are defined here as number of observables minus the number of parameters which are 
effectively changing the fit. 
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of 19(24)%, which is perfectly within the expectations for this quantity. Therefore the data can be 
explained with the expected amount of SU (3) breaking and small penguin contributions. 

Performing the full fit with both additional contributions, the fit improves slightly, to %mm = 
2.8(2.3) for 3 effective degrees of freedom, when we refrain from applying strong restrictions on 
the parameter values 4 . In this fit, the SU (3)-breaking parameters allow to accommodate the pattern 
of branching ratios, while the penguin contributions are mainly determined by the CP and isospin 
asymmetries. The central values of the penguin parameters still tend to larger values than theo- 
retically expected. This is not surprising, given the fact that the isospin asymmetry in B — > J / \j/K 
has a central value about ten times what is naively expected, however with large uncertainties. The 
corresponding branching ratios are predicted to be around one standard deviation higher (lower) for 
B° — > J/\j/K° (B — > J/\j/K~), making an additional measurement of their ratio important, which 
correspondingly is predicted to take a significantly different central value than the one presently 
measured. Restricting the fit parameters to the expected ranges, i.e. at most SU (3) breaking of 
r su(3) = 40%, and a ratio of the penguin matrix element with the leading one of r pen = 50%, shows 
a preference for dataset 2, where the minimal x 2 remains basically unchanged, while for dataset 1 
it approximately doubles. The new result for BR(B — > J/\j/7i~)/BR(B~ — > J/\j/K~) obtained by 
LHCb seems therefore favoured by this fit. While it is too early to draw conclusions, this ob- 
servation demonstrates once more the importance of precise branching ratio measurements in this 
context. 

For both datasets, the shift AS now tends again to positive values, thereby lowering the cor- 
responding tension in the UT fit. It is however still compatible with zero, in agreement with the 
above observation of a reasonable fit without penguin terms. The obtained ranges read 

ASf^ K = [0.001, 0.005] ([-0.004, 0.011]), and (2.1) 
AS s f% K = [0.004,0.011]([-0.003, 0.012]), (2.2) 

for 68% (95%) CL, respectively, where the preferred sign change compared to the SU(3) limit is 
due to relaxed correlations between S(B — > J/yn ) and the branching ratios in the fit, because 
of the additional contributions. This underlines the necessity to treat SU (3) breaking model- 
independently. Note that 5(B^ — > //i//7r ) is predicted to lie below the present central value of 
the measurement, thereby supporting the Belle result [25] over the BaBar one [26], which indicates 
a very large value for this observable. These findings are illustrated in Fig. 1 . The same fit allows to 
predict the so far unmeasured CP asymmetries in B s — > J j\pK decays: their absolute values lie for 
both datasets below approximately 30% at 95% CL. On the one hand this allows for a crosscheck 
of the description in the above framework, on the other hand it is clear that a measurement with a 
precision of ~ 10% will already yield a significant additional constraint on the model parameters. 
Especially the dependence on the (already weak) theory assumptions will be further reduced with 
such a measurement [21]. 

The mixing phase is extracted as ^ = 0.74 ± 0.03 (equal for both datasets), which is to be 
compared with 0™ aive = 0.73 ±0.03 when using the naive relation without penguin contributions. 
The inclusion of the correction therefore yields the same precision, but induces a shift of the central 

4 We do not allow for "exchanging roles" though, i.e. we continue to assume the leading matrix element to be the 
one in the SU (3) limit with no penguin contributions. 
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Figure 1: Fit results for datasets 1 (left) and 2 (right), for AS versus Scp(B° J/\j/7Z°), including all 
available data. The inner areas correspond to 68% CL and 95% CL with r su ^ — 40% and r pen = 50%. 
The outer one is shown for illustration purposes, only, and corresponds to 95% CL when allowing for up to 
r su(3) = 60% and r psn — 75%. The light yellow area indicates the 2-a range of the S(B° — s- J/yn ) average, 
the dashed line its central value. Figure taken from [21]. 



value. The same is true for future data, as shown in [21] by the consideration of several scenarios 
corresponding to additional data from the LHCb and SFF experiments. This implies the corre- 
sponding error to be reducible, and therefore ensures the golden mode to keep its special position 
among flavour observables. 

In principle, the same approach can be used to constrain penguin pollution in the other "golden 
mode", B s — > J /yty. Technical difficulties are the fact that the (j) meson does not belong to a single 
representation, and the more complicated structure of the final state. The latter is also complicating 
the experimental analysis; so far only the B — > J /yK* decays have been measured, which are b — > s 
transitions as well. If the b — >• d modes can be measured sufficiently precise to control the penguin 
pollution as well as the SU (3) breaking is subject to further studies. 

3. Direct CP Violation in Hadronic Charm Decays 

The important role of the charm quark in flavour physics was established already with its 
discovery in in 1974 [27], following its prediction in 1970 [28]. Nowadays it remains special, due 
to a combination of reasons: Experimental accessibility, together with its intermediate position 
in the spectrum between the heavy beauty and the light strange quark (a.o. making it very well 
suited for lattice studies) and the fact that it is the only up-type quark with oscillating mesons 
make it a unique laboratory for understanding QCD as well as for NP searches. In particular, the 
corresponding information is complementary to that from the down-type quark systems. 

However, the charm quark's unique position in the spectrum is also the main reason why 
its hadronic decays pose a severe problem for theoretical physics: A clear hierarchy between the 
involved scales is absent, making most theoretical methods used for light and B meson systems 
inapplicable, and thereby precise theoretical predictions scarce. Direct CP violation in these decays 
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was considered to be an exception from that rule, as from its parametric suppression alone it is 
seen to be tiny 5 , ~ Im(V c foV u * i /(V , CiS V , j ( * .) ~ 6 x 10~ 4 , multiplying factors which are supposed to 
be smaller than one. Therefore the recent LHCb measurement of AAcp [30], the difference of the 
CP asymmetries in D° — > K + K and D° — > 7i + 7l~, confirmed by CDF [31] and very recently also 
Belle [32], was reason for excitement. This quantity is mainly given by the difference Aa^p of 
the corresponding direct CP asymmetries, as the single CP asymmetries can be written in excellent 
approximation as the sum of the direct and the indirect one [33], the latter being universal. A small, 
experiment-dependent contribution from the indirect CP asymmetry remains, due to differences in 
the tagging for the kaons and pions. Correcting for this, the average of the three results above reads 
[32] 

A^CRexp = (-0.68 ±0.15)%, (3.1) 

implying a combined significance of almost 5a. 

The question if this value is compatible with the SM has been answered differently in the 
literature (see e.g. [34, 35, 36, 37, 38]), and many NP models have been examined with respect 
to their capability to explain the observed value naturally, e.g. in [34, 36, 39, 40]. The problem 
can be reduced to the question if large enhancement factors can occur in a penguin matrix element 
relative to a tree one for this system. This ratio would naively be expected to be much smaller than 
one, hence the expectation for a tiny CP asymmetry in the SM. For the B meson system this ratio is 
indeed small, while in the kaon system it shows an "anomaly", typically referred to as the AI = 1/2 
rule. This enhancement, while not fully understood theoretically, is not expected to appear in a 
similar form for D mesons, given the absence of strong hierarchies necessary for such an effect. 
However, as an actual calculation does not appear feasible, some enhancement cannot be excluded. 

Given this unsatisfactory situation, the inclusion of additional data is necessary. To this aim, 
there have been different recent proposals, discussing e.g. rare or multibody D decays, but also 
information from other systems like top decays or electric dipole moments, see e.g. [38, 39, 41]. 
Alternatively, other non-leptonic decays can be related to those in question by flavour symmetries 
[42], typically either SU(3) or £/-spin. However, the symmetry limit is known to yield a bad fit 
to the data in this case, making the inclusion of corrections necessary. Especially the observed 
ratio BR(D° -> K + K-)/BR(D° — > 7i + 7l ) ~ 2.8, which is expected to be approximately one in the 
symmetry limit, questions the applicability of these methods generally. Such a large ratio can be 
explained in part by factorizable SU (3) breaking in terms of form factors and decay constants, but 
not fully. However, in [22] it has been pointed out that already a general breaking of ~ 20 — 30% 
(which is expected for these symmetries) can suffice to explain this ratio, simply because this cor- 
rection applies on the amplitude level, and is of opposite sign for the decays in question. This 
has been confirmed in recent publications by explicit fits to the data, which included symmetry- 
breaking corrections to the £/-spin limit [36, 37, 43]. While in this framework the data can be 
accommodated, it does not allow for predictions for other observables. For that, the symmetry 
group has to be extended to SU(3) (see e.g. [47] for recent publications). The breaking in this 
case can be chosen such that it conserves isospin, for which no strong breaking is visible [22, 44]. 
However, due to the more complicated group structure of the breaking terms, the corresponding fit 
cannot be carried out in full generality. A reasonable fit requires the inclusion of several SU (3)- 

5 See however [29] for an early discussion of the possibility of sizable CP asymmetries in the charm system. 
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breaking matrix elements, at least one of which needs to be from a higher representation [43], at 
variance with one possibility discussed in the literature assuming the dominance of small repre- 
sentations (see e.g. [45, 46]). To what extent this approach provides the possibility to distinguish 
between the SM and different NP scenarios, will be discussed in detail in [43]. 

4. Conclusions 

CP violation studies in heavy meson systems remain a very active field, and one of the main 
paths to discover NP. The general picture remains consistent with the KM mechanism as the only 
source of low-energy CP violation; in fact, the fits have improved very recently due to a new 
measurement for B — > TV. However, some tensions remain which require clarification in the future. 
The fits for NP in the B c j s systems show again mainly consistency with the SM, apart from the open 
question of the LDCA for which it is quite difficult to find a consistent theoretical explanation. 

This - in many ways unexpected - situation requires a more precise knowledge of the corre- 
sponding SM expectations, as potential small NP contributions will compete with subleading SM 
ones. The "golden modes" B c \ — > J j\pK and B s — > J/y<j) are examples where subleading contri- 
butions can affect the extraction of the mixing phase. For B,j — > J /yK, a new approach to control 
them has been advocated, allowing to take into account SU (3) corrections model-independently, 
which were shown to affect the procedure severely. The main result is a new limit, IASj/^kI ^5 0-01 
(95% CL), which can additionally be improved by coming data. 

Last winter's measurement of a non-vanishing direct CP asymmetry in the D system is a ma- 
jor achievement, and triggered many theoretical analyses. Nevertheless, a clear interpretation of 
this result in terms of the SM or NP is spoiled by the lack of a theoretical method to calculate 
the relevant hadronic matrix elements. The main strategy to decide that question is relating this 
observation to other observables. One option are flavour symmetries, which connect the decays in 
question to other hadronic D decays. An important observation is that the corresponding data for 
the decay rates can be accommodated with a reasonable amount of SU (3) breaking. This confirms 
the applicability of the method, thereby providing another path to clarify the issue of SM versus 
NP in hadronic charm decays. 

In conclusion, the apparent smallness of NP effects in flavour observables poses challenges 
to both theory and experiment. On the experimental side they are met by several high-luminosity 
collider experiments, both running and under construction, allowing for unprecedented precision. 
Also on the theory side the challenges are answered, by new strategies and adapting known ones to 
higher precision. Together, these developments make for an exciting way ahead. 
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Note added 

After this article was finished, the LHCb collaboration announced the first measurement of 
B s — > J/\j/K* [48]. This measurement will allow for further insight into B — > J ' /yV decays, V 
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denoting a vector meson, allowing for the first time for an application of the approach presented in 
[19] to data. 
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